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Focal cortical dysplasia (FCD) is characterized by a localized malformation of the neocortex and underlying white matter.
Balloon cells, similar to those observed in tuberous sclerosis, are present in many cases (FCDbc). In these patients, a
hyperintense funnel-shaped subcortical lesion tapering toward the lateral ventricle was the characteristic finding on
fluid-attenuated inversion recovery magnetic resonance imaging scans. Surgical lesionectomy results in complete seizure
relief. Although the pathogenesis of FCDbc remains uncertain, histopathological similarities indicate that FCDbc may be
related pathogenetically to tuberous sclerosis. Here, we studied alterations of the TSC1 and TSC2 genes in a cohort of
patients with chronic, focal epilepsy and histologically documented FCDbc (n ⴝ 48). DNA was obtained after microdissection and laser-assisted isolation of balloon cells, dysplastic neurons, and nonlesional cells from adjacent normal
brain tissue. Sequence alterations resulting in amino acid exchange of the TSC1 gene product affecting exons 5 and 17
and silent base exchanges in exons 14 and 22 were increased in patients with FCDbc compared with 200 control individuals (exon 5, 2.3% FCDbc vs 0% C; exon 17, 35% FCDbc vs 1.0% C; exon 14, 37.8% FCDbc vs 15% C; exon 22, 45%
FCDbc vs 23.8% C). Sequence alterations could be detected in FCDbc and in adjacent normal cells. In 24 patients, DNA
was suitable to study loss of heterozygosity at the TSC1 gene locus in microdissected FCDbc samples compared with
control tissue. Eleven FCDbc cases exhibited loss of heterozygosity. In the TSC2 gene, only silent polymorphisms were
detected at similar frequencies as in controls. Our findings indicate that FCDbc constitutes a clinicopathological entity
with distinct neuroradiological, neuropathological, and molecular genetic features. These data also suggest a role of the
TSC1 gene in the development of FCDbc and point toward a pathogenic relationship between FCDbc and the tuberous
sclerosis complex.
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Cortical dysplasias display a broad spectrum of structural changes, which appear to result from changes in
proliferation, migration, differentiation, and apoptosis
of neuronal precursors and neurons during cortical development.1,2 Because of distinct clinical and phenotypic features, a subtype linked to chronic intractable
epilepsy has been characterized as focal cortical dysplasia of Taylor’s balloon cell type (FCDbc).3 Histopathological analysis showed a glioneuronal malformation
with striking similarities to cortical tubers in patients
with tuberous sclerosis.4 These lesions display a derangement of the cortical laminar structure (Fig 1).

They are composed of dysplastic cytomegalic neurons
and balloon cells as characteristic cellular elements. Despite the strong histomorphological similarity of
epilepsy-associated FCDbc to tuberous sclerosis, the patients generally lack additional features of a neurocutaneous phacomatosis. With the recent progress in magnetic resonance imaging (MRI), malformations of the
cerebral cortex increasingly can be recognized during
the presurgical evaluation of patients with pharmacoresistant epilepsies. A major advantage of high-resolution
MRI is the topographical characterization of the lesion
in its size, location, and extension compared with a his-
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Fig 1. Neuroradiological and
neuropathological characterization of FCDbc in a patient with focal epilepsy. (A)
Axial fluid-attenuated inversion recovery magnetic resonance images show a slightly
hyperintense funnel-shaped
lesion in the subcortical white
matter (arrows) tapering toward the lateral ventricle
(B). This finding was observed in all lesions included
in this study. (C) Histopathological evaluation of the resected surgical specimen shows
dysplastic neurons within the
neocortex (arrow). (D) Hypertrophic balloon cells similar to those in cortical tubers
can be identified most prominently in the subcortical
white matter. (E) Highpower magnification of dysplastic neurons shown in C.
Scale bar ⫽ 60m.

tological specimen. Furthermore, a reliable classification of malformations associated with pharmacoresistant epilepsy would allow development of appropriate
treatment strategies.5,6
Whether the pathogenesis of FCDbc underlies a molecular relationship to tuberous sclerosis or both diseases follow distinct molecular pathways remains to be
shown. In patients with tuberous sclerosis, germline
mutations and frequent polymorphisms have been detected either in the TSC1 (hamartin) or in the TSC2
(tuberin) genes.7 Tuberous sclerosis (TSC) is an autosomal dominant disorder characterized by lesions in a
variety of tissues including cortical tubers and subependymal giant cell astrocytoma (World Health Organization grade I) in the brain, facial angiofibromata,
or fibroma of the skin and angiomyolipoma of the kidney.8 Although the TSC1 gene product (hamartin)
shows no homology with any known vertebrate gene,9
TSC2 encodes a protein (tuberin) with a region homologous with the GTPase-activating protein for the
small-molecular-weight GTPase Rap1.10 Molecular
characterization of the Drosophila homologs of TSC1
and TSC2/gigas shows tight interaction of both genes
in regulating cell growth and cell proliferation.11–13
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Recent reports also describe hamartin binding to ezrin/
radixin/moesin proteins indicating functional relationship to  GTPases as well as the actin-based cytoskeleton and cell adhesion processes.14
Loss of heterozygosity (LOH) studies showed allelic
losses at the TSC1 (chromosome 9q34) and TSC2 loci
(chromosome 16p13.3) in lesions of TSC patients as
well as in sporadic tumors of individuals not suffering
from TSC,9,15,16 indicating a tumor suppressor gene
function. However, there are significant differences between TSC1 and TSC2-related forms of tuberous sclerosis. Higher frequencies of TSC1 or TSC2 mutations
are observed in familial versus sproadic TSC, respectively. TSC2-related forms of the disease exhibit clinically more severe phenotypes, that is, TSC2 mutation–
based tuberous sclerosis is more often associated with
renal cysts as well as intellectual disability and a higher
frequency of epileptic seizures.17,18
Thus, TSC1 and TSC2 are genes potentially involved in the pathogenesis of maldevelopmental glioneuronal lesions. Here, we have conducted a systematic
mutational analysis of both genes in 48 patients with
focal cortical dysplasia and chronic pharmacoresistant
epilepsy.

Patients and Methods
Surgical Specimens
Biopsy and blood samples were obtained from patients with
chronic pharmacoresistant epilepsy who underwent surgical
treatment in the Epilepsy Surgery Programs at the University
of Bonn Medical Center (n ⫽ 23) and the Epilepsy Center
at the Bethel Hospital (n ⫽ 25). High-resolution MRI was
available from all patients and identified a circumscribed hyperintense funnel-shaped lesion tapering from the neocortex
to the adjacent subventricular zone (see Fig 1). In all patients, surgical removal of the FCDbc was necessary to
achieve seizure control. Informed and written consent was
obtained from all patients for additional studies. Six patients
presented with multiple stigmata of tuberous sclerosis, that
is, skin lesions (facial angiofibromas, hypomelanotic macules), retinal hamartomas, or cardiac rhabdomyoma, and
therefore were classified as definite TSC cases.8 All procedures were conducted in accordance with the Declaration of
Helsinki and approved by the ethics committees of the respective institutions. Surgical specimens were fixed in formaldehyde overnight and embedded into paraffin. All FCDbc
were reviewed by experienced neuropathologists at the Bonn
or Bethel epilepsy surgery center. In addition, DNA obtained
from blood samples of 200 white patients without a history
of epilepsy, other known central nervous system diseases, or
tuberous sclerosis served as controls.

DNA Isolation
Nucleic acid samples from microdissected lesions containing
balloon cells were isolated from paraffin embedded tissue sections (10 sections, 10m each; n ⫽ 48). All regions were
carefully examined by microscopical inspection of an adjacent section stained for hematoxylin and eosin. DNA isolated from nonaffected adjacent brain tissue was used to
study the polymorphism/mutation and LOH status. DNA
was extracted with QIAamp DNA MiniKit (Qiagen, Hilden,
Germany) according to the manufacturer’s protocols. Blood
from 2 FCDbc patients was available for additional control
DNA extraction using chloroform and phenol according to
standard procedures as described elsewhere.19

Polymerase Chain Reaction, Single-strand
Conformation Polymorphism, and Sequence Analysis
Amplification was performed in a total reaction volume of
10l containing 10ng of DNA, 200M of each dNTP,
0.025U Taq polymerase, 50mM KCl, 10mM Tris-HCl at
pH 8.5, 1.5mM MgCl2, 0.01% gelatin, and 0.5M of each
primer. Primer combinations were used as reported previously20 with the exception of exons 9, 15, and 21 of TSC1:
exon 9 forward: 5⬘-TGG CAC TGA GTT GAC ACT CT3⬘; 9 reverse: 5⬘-CAA ATA ATG TTT TCC AGA GAC
A-3⬘; exon 15 has been divided into three fragments: 15A
forward: 5⬘-GAA TAC CGA CTG CCA TTT CT-3⬘; 15A
reverse: 5⬘-AGG GCT TTC ATC AGC ACT G-3⬘; 15A2
forward: 5-TTC CTC TCT TCC TCT CAG CTG C-3⬘;
15A2 reverse: 5⬘-AGA ACT GGA GGC TGC CGA G-3⬘;
15B forward: 5⬘-GCA AGC CTT TAC TCC CAT AG-3⬘;
15B reverse: 5⬘-GGC ACA CCA TCT TCC TCT G-3⬘;
15C forward: 5⬘-CAG CCC ATC ATT TTG TCA TC-3⬘;
exon 15C reverse: 5⬘-AGG TGG GAG TGT GAA GAA

TG-3⬘; exon 21 has been divided into two fragments: 21A
forward: 5⬘-TGT CTT TTC AAA ATG GAT ACA GCA
TG-3⬘; 21A reverse: 5⬘-CCA AAA TCC GTT TTT GGG
AGG-3⬘; 21B forward: 5⬘-CAT GTT CTC CAG CAG
ACT CAG AGG-3⬘; 21B reverse: 5⬘-ACA AAA GCC TTT
CCT GAT GAA AGT TAC-3⬘. Amplification was performed in an automated thermocycler (Uno Block; Biometra, Goettingen, Germany) for 32 cycles at 94°C for 30 seconds, annealing for 40 seconds, and 72°C for 50 seconds.
Single-strand conformation polymorphism (SSCP) and sequence analysis of polylmerase chain reaction (PCR) products were performed according to standard protocols described elsewhere in detail.20

Loss of Heterozygosity Analysis
We conducted LOH for the TSC1-associated genomic region on chromosome 9 as described elsewhere with slight
modifications.21 A total reaction volume of 10l containing
10 to 50ng of DNA, 200M of each dNTP, 0.025U Taq
polymerase, 50mM KCl, 10mM Tris-HCl at pH 8.5,
1.5mM MgCl2, 0.01% gelatin, and 0.5M of each primer
was used. Primer combinations were designed according to
published DNA sequences for microsatellite markers
D9S302 (9q), D9S303 (9q), D9S319 (9cen), and D9S741
(9p). Amplification was performed in an automated thermocycler (Uno Block; Biometra) for 32 cycles at 94°C for 30
seconds, annealing for 40 seconds at 55°C and 72°C for 50
seconds. We separated PCR products on nondenaturing gels
(12% polyacrylamide, 5% glycerol, 1 ⫻ Tris-boric acidEDTA buffer) by electrophoresis (20W, 15°C) and visualized
them by a silver staining procedure.22

Laser-assisted Microdissection and Polymerase
Chain Reaction
Ultraviolet laser microbeam technology based on a nitrogen
laser23 (PALM; Bernried, Germany) was applied for microdissection and harvesting of balloon cells, dysplastic neuronal
cells of the lesion, and adjacent normal brain tissue. Dysplastic neurons and balloon cells could be differentiated according to their nuclear and cellular morphologies after hematoxylin and eosin staining of 10m paraffin sections. Ten cells
were harvested and sampled for each PCR. Cells from normal cortex outside the FCDbc served as controls for SSCP
analysis. Harvested samples were further processed as recommended by the manufacturer.
We performed 40 rounds of PCR amplification using the
previously described primers. We conducted LOH analysis
for balloon cells and control cell samples by using markers
and protocols as described above.

Results
All exons of the TSC1 and TSC2 genes were analyzed
by SSCP in 48 patients with FCDbc. Sequence alterations in the TSC1 gene were found in 66.7% of the
patients (Table 1). Frequencies of sequence alterations
in patients were compared with those obtained from
200 unaffected control individuals. The TSC1 cDNA
(GenBank AF013168, ⫹222 ATG) served as reference
nucleotide sequence. Sequence alterations resulting in
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Table 1. High Incidence of Sequence Alterations of the TSC1 Gene in Focal Cortical Dysplasias
Exon/Intron

Type of
Alteration

Nucleotide
Change

Amino Acid
Change

TSC1 exon 5

Complex

E78K
A110T

TSC1
13
TSC1
TSC1
TSC1

intron

Complex

exon 14
exon 17
exon 22

Point
Point

453 G to A
549 G to A
1555-55 C
to G
1556 A to G
2415 C to T
3050 C to T

445E
H732Y
943A

Effect

Patients
Controls Affected

Reference

Missense
Missense
Noncoding

0/133

1/44

—

15/100

17/45

Becker and colleagues (2001)20

Silent
Missense
Silent

2/200
25/105

14/40
19/42

Jones and colleagues (1997)24
Jones and colleagues (1997)24

The status of the sequence alterations of the human TSC1 gene (GenBank AF013168) can be checked on the following Web page:
http://expmed.bwh.harvard.edu/ts/TSC1-222.htm.

Fig 2. Single-strand conformational polymorphism (SSCP) and sequencing analysis. SSCP
analysis of exon 5 (A), intron 13/exon 14
(B), exon 17 (C), and exon 22 (D) of the
TSC1 gene in FCDbc versus controls (C). A
genetic alteration of the sequence results in an
aberrant allelic distribution (arrows). Sequencing analysis of polymorphisms in exon 5
(A1, A2), intron 13 (B1)/exon 14 (B2), exon
17 (C1), and exon 22 (D1) of the TSC1
gene in FCDbc versus controls (C).
(asterisks) Nucleotide exchanges.
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amino acid exchange of the TSC1 gene product affected exons 5 and 17; silent base exchanges occured in
exons 14 and 22 of the TSC1 gene. The following specific sequence alterations were found. In 1 patient, a
novel complex polymorphism (Fig 2A) with a G to A
base transition at nucleotide 453 (see Fig 2A, A1) resulting in an amino acid exchange of Glu to Lys at
codon 78 and a G to A base transition at nucleotide
549 (see Fig 2, A2) resulting in an amino acid exchange of Ala to Thr of codon 110 of TSC1 at exon 5
were observed. This sequence alteration was not found
in the control group (n ⫽ 200).
In exon 14/intron 13, a polymorphism was detected,
which presented as a combination of a silent base exchange (A to G) at position 1556 (see Fig 2B, B2) in
exon 14 (Glu, codon 445) and a noncoding base exchange (C to G) at position 1555-55 (see Fig 2B, B1)
in intron 13. This alteration has been described previously in TSC patients24,25 and in gangliogliomas.20 Its
frequency was significantly increased in FCDbc
(37.8%) compared with controls (15.0%). SSCP analysis of laser microdissected DNA confirmed this polymorphism in balloon cells (Fig 3B). Another polymorphism (see Fig 2C), presenting with a C to T base
transition in exon 17 of TSC1 at nucleotide 2415 (see
Fig 2C, C1) results in an amino acid exchange from
His to Tyr (codon 732). It has been described previ-

ously at low frequencies in TSC and in unaffected individuals.24,25 This sequence alteration was significantly increased in FCDbc (35.0%) compared with
controls (1.0%).
A previously reported silent polymorphism (see Fig
2D) was found in exon 22 of TSC1. It manifests as C
to T base transition at nucleotide 3050 (see Fig 2D,
D1) (Ala, codon 943).24 –26 This sequence alteration
was significantly increased in FCDbc (45%) compared
with controls (23.8%). The polymorphism has been reported in TSC patients and in controls.26 Of the 6
patients with clinical manifestation of TSC, 2 displayed this polymorphism in exon 22. One patient exhibited the exon 14/intron 13 polymorphism. Another
2 TSC patients showed polymorphisms in exon 17 and
exon 22, 1 of them with an additional homozygous
polymorphism of exon 14/intron 13.
Using 4 different microsatellite markers for LOH
analysis at the TSC1 locus, we amplified PCR products
reliably from at least 2 microsatellites from genomic
DNA isolated from FCDbc components and adjacent
control tissue in 24 of the 48 patients (Table 2). In 15
of these 24 patients, it was possible to generate PCR
products for LOH analysis starting from lasermicrodissected samples with individual cell types, that
is, balloon cells versus nonlesional neurons (see Fig
3C). A total of 11 patients with FCDbc presented with

Fig 3. Laser-assisted microdissection of balloon cells and loss of heterozygosity analysis in FCDbc . (A1–A3) Representative
ultraviolet-laser microdissection of a balloon cell in a FCDbc lesion. (A1) Balloon cells (black arrow), neuronal (white arrow), and
glial cell components were identified by cell size and cellular and nuclear morphology. (A2) A single balloon cell has been microdissected with the ultraviolet laser beam. (A3) The same slide after laser catapulting. (B) SSCP analysis for intron 13/exon 14 of microdissected FCDbc components. The aberrant allele is observed in balloon cells. C ⫽ normal allele. (C) Representative LOH for the
TSC1-associated genomic region on chromosome 9q (D9S303) is observed in balloon cells (BC) of a FCDbc but not in normal
neurons (N) or control tissue consisting of neuronal and glial cell elements (C). (D, E) Microsatellite repeat variability has been
detected frequently in balloon cells. BC ⫽ balloon cells; C ⫽ control tissue adjacent to the lesion. Arrows ⫽ aberrant/lost alleles.
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Table 2. Loss of Heterozygosity Status Obtained from 24
Patients with FCDbc Using Microsatellite Markers D9S302,
D9S303, D9S319, and D9S741

Polymorphisms identified by single-strand conformation polymorphism analysis and clinically manifest tuberous sclerosis patients (⫹)
are also listed.
LOH ⫽ loss of heterozygosity; MOH ⫽ maintenance of heterozygosity; MRV ⫽ microsatellite repeat variability; NA ⫽ no amplification; NI ⫽ noninformative; TSC ⫽ clinically manifest tuberous
sclerosis.

LOH in the chromosomal region 9q34 of TSC1 using
D9S302 (n ⫽ 3), D9S303 (n ⫽ 4), D9S319 (n ⫽ 6),
and D9S741 (n ⫽ 3). Eight patients showed LOH for
only 1 of the 4 microsatellite markers; 3 patients
showed LOH in more than 1 locus. In 6 of those cases,
polymorphisms of the TSC1 gene also were observed.
Allelic variability of microsatellite repeats was an additional finding in 6 patients (see Table 2), which has
been confirmed by sequencing analysis. This phenomenon manifested in different sizes of PCR products,
that is, differences in repeat numbers between balloon
cells and controls as has been analyzed by sequencing
of PCR products (Figs 3D and E). We found LOH to
be present in FCDbc of 2 patients with manifest TSC.
One of these patients showed LOH of D9S303 and
polymorphisms of exons 17 and 22, the second LOH
of D9S303, D9S319, and D9S741 and a polymorphism of exon 14/intron 13.
In the TSC2 gene, a novel silent polymorphism in
exon 10 with a G to C nucleotide substitution at position 1089 (Ala, codon 357; GenBank X75621) was
observed in 1 FCDbc patient. The other alterations de34
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tected in the cohort of FCDbc also have been described
in gangliogliomas.20 A silent polymorphism was found
in exon 30 with a C to T nucleotide substitution at
3762. Introns 29 and 30 showed noncoding polymorphisms. A noncoding polymorphism was present in intron 31 as described previously.18 Silent, previously reported polymorphisms also were noticed in exon 4027
and exon 41.28,29 The frequencies of these alterations
were not significantly increased in FCDbc compared
with controls.
Discussion
Focal cortical dysplasia of Taylor’s balloon cell type
(FCDbc) can be identified by characteristic MRI findings, histopathological features, and favorable clinical
outcome.5 On fluid-attenuated inversion recovery
MRI, a markedly hyperintense funnel-shaped area in
the subcortical white matter represents the hallmark of
this disease. This highly characteristic feature represents
a valuable new tool for the neuroradiological diagnosis
of FCDbc. After complete surgical resection, all patients in this series became seizure free. Striking histomorphological similarities between FCDbc and TSCassociated pathologies point toward TSC1 and TSC2 as
candidate genes involved in the molecular pathgenesis
of FCDbc. Most lesions analyzed in this study, all of
which were histologically characterized as focal cortical
dysplasia of Taylor’s balloon cell type, showed genetic
alterations within the TSC1 locus at frequencies significantly higher compared with normal individuals. For
gangliogliomas, another glioneuronal lesion frequently
observed in young patients with focal epilepsy, numerous sequence alterations have been detected in the
TSC2 gene. These included polymorphisms as well as a
single somatic mutation in the glial component of a
ganglioglioma.20 This difference in the pattern of
TSC1 and TSC2 changes strongly argues against the
possibility that FCDbc serves as dysplastic precursor lesion for gangliogliomas. However, histopathological
and neuroradiological similarities with lesions in TSC
patients and molecular-genetic alterations reported here
suggest common pathways in the development of tuberous sclerosis and of FCDbc.
The significant number of TSC1 polymorphisms
points toward a pathogenic role of the gene in the development of FCDbc. Our mutational analysis detected
3 sequence alterations that result in amino acid exchanges. At codon 78, an acidic glutamic acid residue
is substituted by the basic amino acid lysine. At codon
110, an amino acid transition from the smallest amino
acid alanin (neutral) to threonin (neutral) was found.
Such alterations may affect the 3-dimensional structure
and folding of the TSC1 protein and may impair the
normal protein function and interaction with other
proteins. However, these sequence alterations of the
TSC1 gene were found only in individual patients. At

codon 732 of hamartin, which corresponds to exon 17
of the TSC1 gene, a basic histidine residue is exchanged by the neutral amino acid tyrosine. This alteration is located in a region of the hamartin protein
involved in the interaction domain with tuberin (Fig
4). This polymorphism was detected in 2 patients with
clinically manifest TSC. An exchange of a basic with a
neutral amino acid in this protein region may have significant consequences, that is, (1) misfolding of the
hamartin protein and/or (2) an altered hamartin–tuberin
protein interaction. This sequence alteration in exon
17 was observed in 14 of 40 FCDbc patients and was
significantly increased compared with controls (35.0 vs
0.99%). In addition, increased incidences of polymorphisms in exon 14/intron 13 and exon 22 of the TSC1
gene were noted in patients with FCDbc. Four patients
with documented TSC showed a polymorphism in
exon 22 (2 patients with an additional polymorphism
in exon 17, see above); another patient with clinically
manifest TSC displayed the polymorphism in exon 14/
intron 13. In this series of patients, FCDbc did not
exhibit a pattern of TSC1 sequence changes distinguishable from clinically manifest TSC.
TSC1 and TSC2 represent tumor suppressor genes
affected in different neurocutaneous lesions. Mutations
of the TSC1 and TSC2 genes were found in patients

with both sporadic and familial TSC.18,29 LOH for alleles at 16p13.3 in brain lesions and at 9q34 in extracerebral manifestations was described in lesions from
TSC individuals.15,30,31 The frequency of LOH appears to be significantly lower in brain lesions of TSC
patients.32 No LOH at the TSC1 or TSC2 loci has
been identified in 10 sporadic gangliogliomas.33 A previous report from our laboratory failed to identify
LOH at the TSC1 locus in FCDbc of patients suffering
from chronic epilepsy.21 In this study, LOH at the
TSC1 locus was observed in 11 patients with FCDbc.
In the previously analyzed group, there were significantly fewer FCDbc cases included. In addition, laserassisted microdissection, which allows the specific isolation of balloon cell samples for microsatellite marker
analysis, had not been available. This approach should
significantly increase the likelihood to detect LOH in
FCDbc. Six of 11 FCDbc cases showed LOH in combination with the described sequence alteration in exon
14/intron 13, exon 17 or exon 22 of the TSC1 gene.
These findings have interesting implications with respect to the 2-hit hypothesis for the inactivation of tumor suppressor genes, that is, LOH and associated mutation in the second allele.34 The observed combinations
of LOH within the TSC1 locus and sequence polymorphisms in the second allele suggest that the latter

Fig 4. Summary of observed sequence alterations in the TSC1 and TSC2 genes in patients with FCDbc. Genomic alterations in
the TSC1 and TSC2 genes as observed in this collective of FCDbc lesions. Whereas no differences in frequencies of alterations in
the TSC2 gene were observed compared with controls, polymorphisms in exon 14/intron 13, exon 17, and exon 22 of TSC1 were
significantly increased. Note the polymorphism of exon 17 of the TSC1 gene, that is, basic histidine is exchanged by the neutral
amino acid tyrosine. This alteration is located in a region of the hamartin protein interacting with tuberin. GAP ⫽ GTPaseactivating protein. Modified from Jones and colleagues.18
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functions as a predisposing germline variant with low
penetrance and a serverly restricted manifestation pattern. In light of the increasing information on TSC1
and TSC2 as a cell cycle–regulating complex,11,12 such
variant alleles may induce proliferation activity only at
a narrow time period during brain development.
Although the hamartin protein shows no homology
with any known vertebrate genes,9 in vivo interaction
of hamartin and tuberin has been described.11,12,35
Tuberin has a homologous region with the GTPaseactivating protein for the small-molecular-weight
GTPase Rap110 and a rabaptin-5 binding domain close
to the GTPase-activating protein–related domain. A
tuberin–rabaptin-5 complex may regulate endocytosis.36 The Drosophila homolog of TSC2, gigas, is a potential regulator of the cell cycle and appears to be required to enter the M and S phase of the cell cycle.13
Recently, a functional interaction of both proteins has
been reported in Drosophila. It associates with regulation of cell cycle control and proliferation via the insulin signaling pathway.11,12 Interactions of tuberin
and hamartin with CDK1 and cyclin B1 as well as of
tuberin with cyclin B1 also were described recently.37
Alterations in the TSC1 gene may compromise hamartin to bind ezrin/radixin/moesin proteins and regulate
 GTPases, and this may lead to disruption of cell adhesion.14 So far, a correlation between functional pathways or lesional patterns has not been recognized for
genetic alterations affecting either the TSC1 or the
TSC2 genes. However, our data suggest an altered
TSC1 genotype as a specific finding in FCDbc. In contrast, sporadic gangliogliomas present with frequent
polymorphisms in the TSC2 gene, a finding which is
in good agreement with the Eker mutant animal
model.38
In conclusion, a significant increase in the frequency
of TSC1 gene polymorphisms and LOH at the TSC1
locus was found in focal cortical dysplasia with balloon
cells of patients suffering from chronic pharmacoresistant epilepsy. Most sequence alterations detected in
these patients have been associated previously with
TSC, suggesting common pathogenetic routes of FCDbc
and TSC. Characteristic neuroradiological, histopathological, clinical, and molecular findings support the
concept of FCDbc as an entity that should be distinguished from other malformative lesions observed in
patients with focal epilepsy.
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We thank Dr Britta Blümcke and Dr Andreas von Deimling for
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